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Introduction 
Bioethanol produced from lignocellulosic resources has the potential to be a 
substitute for fossil fuels and a precursor to value added chemicals [1]. Ethanol usage in blend 
or pure form in vehicles protects environment by reducing greenhouse emissions up to 62% 
[2]. H-ZSM-5 is a three-dimensional medium-pore zeolite with Brønsted acid sites and an 
intersecting channel system. The shape selectivity and hydrothermal stability of H-ZSM-5 
make it most promising for bioethanol conversion to hydrocarbons. Although most research 
has focused on catalyst optimization, only few studies investigating the reaction mechanism of 
ethanol conversion are available in literature. To explore the full potential of ethanol 
conversion into chemicals and fuels an in-depth knowledge of the reaction mechanism is 
needed. The transient pulse-response technique with millisecond time scale resolution of the 
TAP reactor is a powerful tool in investigating reaction mechanisms [3]. The central issues 
addressed in this study are the following: (1) Evolution of products with the pulse number in 
pulse experiments of C2H4 and higher olefins; (2) Study of the synergetic effects of two 
different reactants upon interaction at the surface of the catalyst bed at different time delays; 
(3) Study the cyclization of dienes from the pump-probe experiments of dienes and cyclodienes 
with ethene; (4) Study of the activity of the catalyst coked under continuous flow at 
atmospheric pressure experiments, where the role of aromatic surface species on the external 
surface of the zeolite was identified using carbon labelled isotopic ethene. 
 
Materials and Methods 
Experiments were performed in a transient experimental setup TAP-3E reactor, 
which accommodates a quartz tubular reactor of 47.5 mm total length and 4.0 mm internal 
diameter. NH4-ZSM-5 (SiO2/Al2O3 = 30) catalyst was used after calcination at 823 K for 4 
hours to remove the ammonium cations. The catalyst pelletized to 250 to 500 microns is placed 
between inert layers of quartz particles of the same size. The length of the catalyst bed is 2.0 
mm for 25 mg of catalyst. Helium is used as internal standard to quantify the reaction products. 
Ethene, higher olefins (C3H6, 1 - C4H8, 1 - C6H6), 1,4 - Hexadiene, 1,4 - Cyclohexadiene and 
aromatics (benzene, ethylbenzene) were used as feed in the following studies. A catalyst coked 
under continuous flow of carbon-12 labelled ethanol was also tested for activity in pulse 
experiments. Pulses leaving the quartz reactor enter a high vacuum chamber of approx. 10-7 torr 
that contains an Extrel 150QC quadruple mass spectrometer with milli-second time scale 
resolution. In pulse experiments, the interaction of a gas phase reactant with the active sites of 
a catalyst is studied by pulsing a reagent in orders of 1014 to 1017 molecules per pulse to 
identify the products evolution. The role of active intermediates and products was elucidated 
from pump-probe experiments. Adspecies created during the first pulse (pump) are probed with 
a suitable reactant during the second pulse (probe) with varying time delays. Scans of the entire 
m/z = 1 to 200 A.M.U. were recorded in temperature programmed desorption (TPD) 
experiments by increasing temperatures from 648 to 773 K at a 20 K/min ramp under vacuum. 
 
Results and Discussion 
Ethanol dehydration to ethene is mechanistically 
decoupled from higher hydrocarbons formation and butene 
formation occurs only at complete ethanol conversion, 
where the surface is free for ethene adsorption [4]. Since at 
full ethanol conversion, the conversion of ethene to higher 
hydrocarbons is unaffected by the presence of water, 
anhydrous ethene is used as a reactant in the following 
studies. Pulse experiments of ethene over HZSM-5 catalyst 
identified different routes in the initial stages of reaction. 
All olefin products (C3H6 to C6H12) were observed after the 
first pulse with no aromatics. Quantum chemical 
calculations illustrated that ethene dimerization to butene 
(route I) is bypassed after sufficient surface species other 
than adsorbed ethene are formed. After 400 pulses of 
ethene, the conversion decreased to a constant value of 
±8 %, which is related to the formation of surface species 
blocking the active sites and/or to the formation of coke 
deposits. TPD experiments after completion of pulsing 
reactants revealed long-lived surface species as aromatics. 
 
Short lived aliphatic, Cali
* (route II) and long lived aromatic surface species, Caro
* (route IV) 
participated in hydrocarbon pool mechanism towards lighter olefin production. Cali
* either 
involved in acid catalytic cracking pathways or transform to Caro
*. Dienes and cyclodienes 
identified as intermediates connect the two routes (route II and IV) via cyclization of dienes to 
cyclodienes (route III). Dienes easily transform to aliphatic surface intermediates, while 
cyclodienes are precursors to aromatic surface species. Caro
* either take part in the hydrocarbon 
pool mechanism via paring and side chain alkylation reactions or undergo polycondensation to 
coke. The hydrocarbon pool containing both olefinic and aromatic surface species contributes 
towards product formation depending on saturation of the catalyst with aromatics. 
 
Significance 
The detailed role of products and intermediates provides insights into the reaction 
mechanism of ethanol conversion to hydrocarbons on H-ZSM-5 catalyst. 
 
References 
1. Rass-Hansen, J., Falsig, H., Jørgensen, B., Christensen, C. H. J. Chem. Technol. Biotechnol. 82, 329 
(2007)  
2. González-García, S.; Gasol, C. M.; Gabarrell, X.; Rieradevall, J.; Moreira, M. T.; Feijoo, G. Renew. 
Energy 35, 1014 (2010) 
3. Gleaves, J. T., Ebner, J. R., Kuechler, T. C. Catal. Rev.-Sci. Eng. 30, 49 (1988) 
4. Van der Borght, K., Batchu, R., Galvita, V. V., Alexopoulos, K., Reyniers, M. F., Thybaut, J. W., 
Marin, G. B. Angew. Chem.-Int. Edit. 55, 12817 (2016) 
Figure 1: Reaction mechanism 
of ethanol conversion to 
hydrocarbons over H-ZSM-5. 
